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China’s vast industrial network and power
plant system rely on coal for approximately
70–75% of their energy needs (Economy
2003; Zhang et al. 2002). Coal burning in
China is the major source of ambient poly-
cyclic aromatic hydrocarbons (PAHs). PAHs
are also present in tobacco smoke and charred
foods. Molecular and epidemiologic studies
show that fetuses and infants are more sus-
ceptible than adults to environmental toxi-
cants including PAHs (Perera et al. 2005),
lead [Agency for Toxic Substances and
Disease Registry (ATSDR) 2005], and mer-
cury (ATSDR 1999). Experimentally,
benzo[a]pyrene (BaP), a representative PAH,
is a reproductive toxicant (Archibong et al.
2002), producing neurodevelopmental effects
including decreased motor activity, neuro-
muscular, physiologic and autonomic abnor-
malities, and decreased responsiveness to
sensory stimuli (Saunders et al. 2002, 2003;
Wormley et al. 2004b). In studies in Europe,
the United States, and China, prenatal expo-
sure to PAHs has been associated with
reduced fetal growth (Choi et al. 2006; Perera
et al. 1998, 2003; S ˇrám et al. 2005; Tang
et al. 2006) and developmental deficits
(Perera et al. 2006). In addition, PAHs are
mutagenic and carcinogenic, including via
transplacental exposure (Bostrom et al. 2002;
Bulay and Wattenberg 1971). 
PAH–DNA adducts reﬂect individual vari-
ation in exposure,absorption, metabolic activa-
tion, and DNA repair; they therefore provide
an informative biologic dosimeter that has been
associated with risk of cancer and developmen-
tal impairment (Bartsch et al. 1983; Perera
et al. 2007; Tang et al. 2001). Here we use
adducts as a measure of exposure rather than as
a mechanistic marker. PAH–DNA adduct con-
centrations in cord blood have been shown to
increase across a gradient of ambient PAH
exposure, albeit with substantial interindividual
variation (Perera et al. 2005; Whyatt et al.
1998). Cord blood adducts in the 2002
Tongliang cohort (mean, 0.32 per 108) were
significantly higher than those in cohorts of
newborns in the United States and Poland
(Perera et al. 2005). As previously reported, in
the 2002 Tongliang, Chongqing, China,
cohort, PAH–DNA adducts in cord blood
were associated with reduction of birth head
circumference (Tang et al. 2006) and reduced
developmental quotients (DQs) at 2 years of
age (Tang et al. 2008). As in the present sam-
ple, comparison of all cord bloods showed a
significant decrease in adduct levels in 2005
(unpublished data).
Lead and mercury are also released by
coal burning (Guo et al. 2002; Wang et al.
2006; Zhang et al. 2003) as well as other
sources. Both metals are developmental neu-
rotoxicants even at low levels (ATSDR 1999,
2005; Canﬁeld et al. 2003; Needleman et al.
1996) and are potential confounders of asso-
ciations between PAH–DNA adducts and
developmental outcomes.
We tested the hypothesis that comparison
of the two cohorts of newborns in Tongliang
both followed through 2 years of age would
show that elimination of prenatal exposure to
coal-burning emissions from the power plant
resulted in improved developmental outcomes
and in failure to observe the signiﬁcant effects
of PAH–DNA adducts on 2-year develop-
ment seen in the ﬁrst cohort, consistent with
decreased levels of PAH–DNA adducts in
cord blood of children in the second cohort.
Methods
Study design. Two identical prospective cohort
studies were carried out (pre-and postplant
shutdown, respectively). Nonsmoking mothers
and their newborns were enrolled at delivery as
described (Tang et al. 2008). The newborns
were followed through their second birthdays,
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BACKGROUND: Coal burning provides 70% of the energy for China’s industry and power, but
releases large quantities of polycyclic aromatic hydrocarbons (PAHs) and other pollutants. PAHs
are reproductive and developmental toxicants, mutagens, and carcinogens. 
OBJECTIVE: We evaluated the beneﬁt to neurobehavioral development from the closure of a coal-
ﬁred power plant that was the major local source of ambient PAHs. 
METHODS: The research was conducted in Tongliang, Chongqing, China, where a coal-ﬁred power
plant operated seasonally before it was shut down in May 2004. Two identical prospective cohort
studies enrolled nonsmoking women and their newborns in 2002 (before shutdown) and
2005 (after shutdown). Prenatal PAH exposure was measured by PAH–DNA adducts
(benzo[a]pyrene–DNA) in umbilical cord blood. Child development was assessed by the Gesell
Developmental Schedules at 2 years of age. Prenatal exposure to other neurotoxicants and potential
confounders (including lead, mercury, and environmental tobacco smoke) was measured. We com-
pared the cohorts regarding the association between PAH–DNA adduct levels and neurodevelop-
mental outcomes. 
RESULTS: Signiﬁcant associations previously seen in 2002 between elevated adducts and decreased
motor area developmental quotient (DQ) (p = 0.043) and average DQ (p = 0.047) were not
observed in the 2005 cohort (p = 0.546 and p = 0.146). However, the direction of the relationship
did not change.
CONCLUSION: The ﬁndings indicate that neurobehavioral development in Tongliang children bene-
ﬁted by elimination of PAH exposure from the coal-burning plant, consistent with the signiﬁcant
reduction in PAH–DNA adducts in cord blood of children in the 2005 cohort. The results have
implications for children’s environmental health in China and elsewhere. 
KEY WORDS: China, coal burning, lead, neurobehavioral development, PAH–DNA adducts,
prenatal. Environ Health Perspect 116:1396–1400 (2008). doi:10.1289/ehp.11480 available via
http://dx.doi.org/ [Online 14 July 2008]at which time their intellectual and behavioral
development was assessed using the Gesell
Developmental Schedules (GDS). Levels of
PAH–DNA adducts (specifically BaP–DNA
adducts) were measured in umbilical cord
blood. Exposure to known neurotoxicants
[lead, mercury and environmental tobacco
smoke (ETS)] and other potential confounders
was assessed by biomarkers or questionnaire. 
Setting. Tongliang, a county in Chongqing
Municipality, has a population of around
810,000 and is situated in a basin approxi-
mately 3 km in diameter. Before 31 May
2004, a coal-fired power plant located just
south of the town center operated every year
during the dry season from 1 December to
31 May to compensate for insufﬁcient hydro-
electric power during that period (Chow et al.
2006; Tang et al. 2006). The plant was not
equipped with modern pollution reduction
technology and combusted about 25,000 tons
of coal during each 6-month period of opera-
tion. In 2002, nearly all domestic heating and
cooking units had been converted to natural
gas, and motor vehicles were limited in num-
ber. Air monitoring analysis carried out as part
of the study showed that PAHs of medium
molecular weight (168–266) increased by up
to 3.5 times during the operational period of
the Tongliang power plant (Chow et al. 2006).
After the government-mandated shutdown of
the plant in May 2004, mean ambient levels of
the same PAHs declined signiﬁcantly (for BaP,
p = 0.01), as did adducts in cord blood
(unpublished data).
Participants. Subjects were children born
to women who gave birth at any one of three
major Tongliang County Hospitals located in
the Town of Bachuan (informally known as
Tongliang City) (representing about 95% of
deliveries in Tongliang): the first cohort
between 4 March 2002 and 19 June 2002
and the second between 2 March 2005 and
23 May 2005. The women were selected
using a screening questionnaire when they
checked in for delivery. All women who met
the criteria for eligibility (nonsmoker, ≥ 20
years of age, and residence within 2 km of the
site of the Tongliang power plant) were
invited to participate (the population residing
within this radius is about 86,325).
Consenting subjects signed the consent form
approved by the Columbia University
Institutional Review Board and Chongqing
University of Medical Sciences. They were
administered a questionnaire and contributed
a cord blood sample at the time of delivery.
Follow-up was conducted by trained research
workers who interviewed the mothers about
the environmental and health history of their
children at 18 and 24 months when the chil-
dren were brought to the study clinic at 18
and 24 months of age for clinical assessments
of health and neurodevelopmental status. 
Because physicians first presented the
study to the women, all eligible women
agreed to participate in the 2002 cohort and
only one declined in the 2005 study. The
study population is therefore representative of
nonsmoking women residing within a 2-km
radius of the power plant and delivering in
Tongliang. In the 2002 cohort, with a sample
size of 150 we observed a 16-point deﬁcit in
motor DQ (p = 0.043) and a 15-point deﬁcit
in average DQ (p = 0.047) associated with a
log-unit increase in PAH exposure. We there-
fore expected that a sample size of 150 would
allow us to see a similar effect in the 2005
cohort if one existed.
Personal interviews. A 45-min question-
naire was administered by a trained inter-
viewer after delivery, as described previously
(Tang et al. 2006). The questionnaire
included sociodemographic information, life-
time residential history, maternal history of
active and passive smoking, and exposure dur-
ing pregnancy to home and workplace chemi-
cals, medications, alcohol, and dietary PAHs.
The 6-month interview of the mothers
elicited information on children’s health and
environment including ETS exposure. 
Biologic sample collection and analysis. As
described previously, at delivery umbilical
cord blood was collected for PAH–DNA
adducts in heparinized Vacutainer tubes and
for mercury and lead measurements in EDTA
Vacutainer tubes (Tang et al. 2008). Samples
were transported to the ﬁeld laboratory at the
Tongliang County Hospital immediately after
collection. The buffy coat, packed red blood
cells, and plasma were separated and stored at
–70°C. Samples were coded and assays were
performed on all samples of adequate quan-
tity and quality for analysis.
The laboratory methods have been
described in detail (Tang et al. 2008). Brieﬂy,
as a validated proxy for PAH–DNA adducts,
BaP–DNA adducts in extracted white-blood-
cell DNA were analyzed using high-perfor-
mance liquid chromatography/fluorescence
method for BaP tetraols (Alexandrov et al.
1992; Rojas et al. 1994), modified as
described (Perera et al. 2007). Samples of
whole blood were analyzed for lead and mer-
cury also as described (Tang et al. 2008). 
Measures of child neurodevelopment and
covariates. The GDS was selected for compara-
bility to other studies in the Chinese popula-
tion and because it has been adopted by the
Chinese Pediatric Association and is widely
used for assessing early child development in
China and in other countries (Cui et al. 2001;
Jin et al. 2007; Ke et al. 2004; World Health
Organization 1999, 2004; Zhang and Li 1994;
Zhu et al. 2005). Two-year-old children in the
cohort were administered the version of the
GDS for 0- to 3-year-old children adapted to
the Chinese population (Beijing Mental
Development Cooperative Group 1985). Each
child is assigned a DQ in each of the four
areas: motor, adaptive, language, and social.
The standardized mean (± SD) of the DQ is
100 ± 15; a score < 85 indicates developmental
delay (Hudon et al. 1998). A study by Jin et al.
(2007), which also used the GDS, showed
means in the same range as those in our study.
Testing was conducted by physicians in the
same group who were certiﬁed in the GDS to
maximize reliable assessment and valid inter-
pretation. Therefore, both interexaminer and
intraexaminer variability were minimal. 
Research workers abstracted relevant
information on covariates from maternal and
infant medical records after delivery such as
date of delivery, gestational age, and sex of
newborn. Other covariates were derived from
questionnaire data on socioeconomic status
and environmental exposures.
Statistical analysis. The statistical meth-
ods have been previously described with
respect to analysis of the 2002 cohort (Tang
et al. 2008) and are brieﬂy summarized here.
Analysis of the 2005 cohort followed the
same procedures. The main exposure of inter-
est was PAH–DNA adducts in cord blood. As
before (Tang et al. 2008), adducts were
treated as a continuous variable, with nonde-
tectable samples assigned a value of 0.125 per
108 (midway between 0 and the detection
limit of 0.25). Lead and mercury values were
dichotomized at the median to minimize the
influence of outliers. In multiple regression
analyses, age-adjusted DQs in the motor area,
adaptive area, language area, social area, and
the average of these four DQs served as the
outcome variables. In logistic regression, the
outcomes were developmental delays in the
respective areas. As in our prior analyses, we
included as covariates sex, gestational age,
maternal education, ETS (hours of expo-
sure/day), and lead. Mercury and exposure to
chemicals during pregnancy were not
included, because neither was a contributor to
DQ at the level of p ≤ 0.1 (Tang et al. 2008).
We did not have direct measures of postnatal
PAH–DNA adducts or lead but were able to
adjust for postnatal ETS exposure. 
We first compared the two cohorts with
respect to developmental outcomes (mean DQ
scores and frequency of developmental delay)
by performing unadjusted analyses using t-test
or Fisher’s exact test as appropriate. Multiple
linear regression and logistic regression were
used to test whether the DQ means or odds
ratios (ORs) for developmental delay differed
significantly between the two cohorts after
adjustment for relevant covariates (prenatal
ETS, mother’s education, gestational age, and
sex) and further including cohort as a covariate.
The associations between adducts and develop-
mental outcomes were examined by multiple
linear regression and logistic regression as
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we tested whether the relationships between
cord adducts and DQ and between cord
adducts and developmental delay were the
same for the two cohorts by including an inter-
action term (cohort × PAH–DNA) in models
combining the two data sets. 
Results 
Table 1 provides details of the enrollment and
retention of participants in both cohorts. The
2-year retention rate for the first cohort was
88.7% (150 mother–child pairs enrolled, 133
retained). The retention rate for the second
cohort was 77.2% (158 pairs enrolled,
122 retained). All 2-year-olds who remained in
the cohorts at that time point were adminis-
tered the GDS. One hundred ten subjects in
2002 and 107 subjects in 2005 had complete
data required for hypothesis testing. The
sociodemographic, clinical, and environmental
characteristics of the cohorts are provided and
compared in Table 2. The subjects included in
the analysis did not differ (p < 0.05) from those
not included with respect to these characteris-
tics except that in the 2005 cohort subjects
included in the model had a higher mercury
level. The two cohorts differed with respect to
maternal age. As reported in the full cohorts
(unpublished data), the mean PAH–DNA
adduct level and percent of newborns with
detectable adduct levels were significantly
reduced in the 2005 cohort (p < 0.001). The
2005 mean for PAH–DNA adducts in the pre-
sent sample was 0.20 per 108, and 51% of
samples had detectable adducts. Mean lead and
mercury concentrations did not differ between
2002 and 2005.
Table 3 compares the distribution of DQs
for both cohorts. As in the 2002 cohort, in
2005 all DQ domains were significantly
intercorrelated (p < 0.01), with r-values rang-
ing from 0.40 to 0.83. Unadjusted compari-
sons of the mean scores showed that mean
DQs, except for language area, were higher in
2005 but not significantly so. After adjust-
ment for relevant covariates, the only signiﬁ-
cant difference in mean score was the social
area DQ (p = 0.033) (Table 3). The frequen-
cies of developmental delay in all DQ areas
except for language were reduced in 2005
compared with 2002; before adjustment, the
difference was significant for delay in the
motor area (p = 0.033). After adjustment, a
signiﬁcant difference in the frequency of delay
in the motor area (p = 0.017) remained. 
The results of multiple regression analysis
are shown in Table 4. In the 2002 cohort, cord
adducts showed signiﬁcant inverse associations
with the DQ in the motor area before and after
adjusting for cord lead level, ETS, sex, gesta-
tional age, and maternal education level [unad-
justed β = –13.78; 95% confidence interval
(CI), –29.18 to 1.63; p = 0.082; adjusted β =
–16.01; 95% CI, –31.30 to –0.72; p = 0.043].
In 2002, cord adducts were also associated with
the average DQ (adjusted β = –14.58; 95% CI,
–28.77 to –0.37, p = 0.047). In contrast, in the
2005 cohort, cord adducts were not signifi-
cantly associated with any of the DQs before or
after adjusting for the same covariates (for
motor area DQ, adjusted β = –5.90; 95% CI,
–24.96 to 13.17; p = 0.546) and average DQ
(β = –12.38; 95% CI, –28.95 to 4.21; p =
0.146). However, in 2005, associations for all
DQs remained inverse, albeit not statistically
signiﬁcantly. Whereas in the 2002 cohort, by
logistic regression analysis, a 0.1-unit increase
(0.1 adduct/108 nucleotides) in cord adducts
was associated with increased odds of being
developmentally delayed in the motor area
(OR = 1.91; 95% CI, 1.22 to 2.97, p = 0.004),
this association was not seen in 2005 (OR =
2.06; CI, 0.62 to 6.84, p = 0.240), nor were
signiﬁcant associations seen in 2005 between
PAH–DNA adducts and developmental delay
in the other DQ areas (Table 5). However,
the interaction term (PAH × cohort) was not
significant in multiple or logistic regression
models, which may be attributable to small
sample size.
Further controlling for postnatal ETS, in
multivariate regression the associations
between adducts and DQ in the motor area
and average DQ remained significant in the
2002 cohort: β = –16.89; 95% CI, –31.76 to
–2.01, p = 0.026 and β = –16.56; 95% CI,
–31.21 to –1.92, p = 0.027, respectively.
Also by logistic regression, the OR for adducts
and motor area delay remained significant:
OR = 2.18; 95% CI, 1.31 to 3.61; p = 0.003.
Inclusion of postnatal ETS in the 2005 models
did not affect the results.
Discussion
As hypothesized, comparison of the two
cohorts of newborns in Tongliang, China,
both followed through 2 years of age, has pro-
vided evidence that elimination of prenatal
exposure to coal-burning emissions resulted in
measurable beneﬁts to children’s development.
In contrast to the 2002 cohort, in the 2005
cohort we did not observe a signiﬁcant effect of
PAH–DNA adducts on 2-year developmental
scores. Consistent with prior analyses of
adducts among all newborns (unpublished
data), in the present subset the average adduct
concentration and the frequency of detectable
adducts in cord blood were reduced in the
2005 cohort by 38% and 36%, respectively.
The mean cord adduct level in the 2002
cohort (0.32 adducts/108 nucleotides) was sig-
niﬁcantly higher than in New York City (0.21
adducts/108 nucleotides) or Krakow, Poland
(0.28 adducts/108 nucleotides), consistent with
the higher ambient PAH exposure in
Tongliang (Perera et al. 2005). After the power
plant shutdown, the adduct levels in Tongliang
in 2005 (0.20/108 nucleotides) were similar to
those in New York City (0.21/108).
Whereas PAH–DNA adducts in cord
blood were significantly associated with DQ
decrements in the motor area and in the aver-
age DQ among children who were in utero dur-
ing the power plant operation, these signiﬁcant
associations were not seen among children who
were in utero after the power plant had been
shut down. In the 2002 cohort, adducts were
associated with an approximate 2-fold increased
odds of developmental delay in the motor area;
again, that effect was not seen in the 2005
cohort. However, the observation in the 2005
cohort of inverse, albeit non–statistically signiﬁ-
cant, associations between adducts and all DQs
except for the average DQ suggests that even
greater beneﬁts will accrue in the future. PAHs
are lipid-soluble compounds (Nickerson 2006),
and it is reasonable to expect that the concen-
trations of PAHs stored in mothers’ adipose tis-
sue and transferrable to the fetus will be
reduced over time. In 2007, we enrolled a third
Perera et al.
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Table 1. Enrollment and retention of the cohorts. 
2002 2005
Examined for eligibility (screened)a 202 173
Conﬁrmed eligible 150 159
Included in the studyb 150 158
Completed follow-upc 133 122
aIn 2002, 52 women were either < 20 years of age, smoked
during pregnancy, or resided > 2 km from the site of the
power plant. The number of ineligible women (same crite-
ria) in 2005 was 13. bIn 2005, one woman declined to be
interviewed. cLoss to follow-up before child’s age 2 was
attributed to work-related moves out of the county (17
women in 2002, 27 in 2005). 
Table 2. Demographic and exposure characteristics of the cohorts.
2002 (n = 110)a 2005 (n = 107)
Characteristic Mean ± SD (range) or % Mean ± SD (range) or %
Maternal age (years)*  25.18 ± 3.15 (20.34–34.28) 27.91 ± 4.59 (20.45–37.80)
Maternal education (%)
< High school 43.6 55.1
≥ High school 56.4 44.9
Sex of newborn (% female) 50.9 44.9
Gestational age (days)  277.35 ± 11.27 (224–294) 276.69 ± 9.19 (250–300)
Cord lead (mg/dL)  3.60 ± 1.59 (0.82–12.93) 3.74 ± 1.50 (1.49–10.82)
Cord mercury (ppb)  6.97 ± 4.43 (2.28–39.72) 6.61 ± 2.77 (1.72–14.23)
Prenatal ETS exposure (hr/day) 0.29 ± 0.59 (0–5.00) 0.30 ± 0.54 (0–3.00)
aNumber of subjects with each type of data varies due to missing data. *p < 0.05; comparisons of continuous variables by
Mann–Whitney test, and binary variables by chi-square test. cohort of mothers and newborns, which we will
follow to determine longer-term benefits of
closing the power plant.
The finding of adverse developmental
effects in the 2002 cohort is consistent with
experimental ﬁndings that prenatal exposure to
BaP during critical windows of brain develop-
ment produces a variety of neurodevelopmental
effects in the offspring (Wormley et al. 2004a)
and with our prior ﬁnding in a New York City
cohort that prenatal PAH exposure was associ-
ated with developmental impairment at age 3
years (Perera et al. 2006). The mechanisms by
which PAHs adversely affect child development
are not well understood. 
Strengths of the study include the prospec-
tive cohort designs, the use of a molecular
marker of PAH exposure, and the ability to
control for potential confounders. The results
are internally consistent and generalizable to
other nonsmoking Chinese women. A limita-
tion of the study is that we did not have data
on postnatal levels of PAH–DNA or metals to
permit examination of the impact of postnatal
exposure on 2-year cognitive development.
Because the power plant was not shut down
until May 2004, the subjects in the 2002
cohort continued to receive seasonal exposure
to the plant emissions after birth. However,
several lines of evidence indicate that fetal
development is a period of heightened suscep-
tibility to PAHs and lead (ATSDR 1999,
2005; Perera et al. 2005). We note that adjust-
ment for postnatal ETS exposure did not alter
the effect of PAH–DNA adducts. Another
limitation of the present study is the small
sample size in each cohort, which limited our
ability to evaluate interactions between
adducts and cohort on development or to
assess interactions between pollutants. 
Although results are interpretable only on
the group level, the improvement in develop-
mental outcomes and the lack of significant
associations between PAH–DNA adducts and
deficits in development in the 2005 cohort
may be educationally meaningful, because
compromised function at an early age may
have a negative impact on subsequent school
performance (Drillien et al. 1988). Within a
Chinese population, there was a significant
correlation between developmental assess-
ment at 6–12 months on the Gesell and men-
tal development at 6–7 years on the Chinese
version of the Wechsler Scales for Children
(p < 0.01) (Zhou et al. 2004). Continued fol-
low-up of the present cohort will determine
whether reduction of prenatal PAH exposure
is associated with subsequent measures of cog-
nitive development and school performance. 
Conclusion
In conclusion, these results indicate that an
intervention to eliminate emissions from a pol-
luting coal-burning power plant was effective
in improving developmental outcomes among
children living in Tongliang, Chongqing.
Because coal-ﬁred power plants currently pro-
duce 75% of China’s electricity and most new
plants in China are being built to burn coal,
albeit with modern pollution control, the
results from the Tongliang study are relevant
to the development of other children living in
China and have implications for policies con-
cerning energy and public health.
Prenatal PAH exposure and neurodevelopment in China
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Table 4. Results of multiple regression analyses of Gesell scores at 2 years of age and PAH–DNA
adducts.a
2002 Cohort  2005 Cohort
DQ area β (95% CI), p-value β (95% CI), p-value
Motor area  –16.01 (–31.30 to –0.72) –5.90 (–24.96 to 13.17)
p = 0.043 p = 0.546
Adaptive area  –15.51 (–35.63 to 4.61) –22.06 (–47.70 to 3.59)
p = 0.134 p = 0.095
Language area  –16.64 (–33.73 to 0.46) –20.39 (–42.62 to 1.85)
p = 0.059 p = 0.075
Social area  –9.29 (–25.28 to 6.70) –1.50 (–17.62 to 14.61)
p = 0.258 p = 0.855
Average  –14.58 (–28.77 to –0.37) –12.38 (–28.95 to 4.20)
p = 0.047 p = 0.146
aModel included cord lead level, sex, gestational age, maternal education, lead, and ETS as covariates.
Table 5. Results of logistic regression analyses of developmental delay at 2 years of age and PAH–DNA
adducts.a
2002 Cohort 2005 Cohort
DQ area OR (95% CI),b p-value OR (95% CI), p-value
Motor area  1.91 (1.22 to 2.97) 2.06 (0.62 to 6.84)
p = 0.004 p = 0.240
Adaptive area  1.16 (0.76 to 1.76) 1.78 (0.79 to 4.00)
p = 0.500 p = 0.161
Language area  1.31 (0.84 to 2.05) 2.34 (0.96 to 5.71)
p = 0.234 p = 0.061
Social area  1.52 (0.93 to 2.50) 3.38 (0.59 to 19.35)
p = 0.095 p = 0.171
Average  1.67 (0.93 to 3.00) NAc
p = 0.088
NA, not available. 
aModel included cord lead level, sex, gestational age, maternal education, and ETS as covariates. bThe ORs for cord
adducts presented in this table represent the effect of a 1-unit (0.1 adduct/108 nucleotides) increment in cord adducts.
cSPSS statistical software (SPSS Inc, Chicago, IL, USA) failed to provide accurate estimates.
Table 3. Comparison of Gesell scores in the two prospective cohorts.a
2002 Cohortb 2005 Cohort
DQ area n = 110 n = 107
Motor area 
Mean ± SD (range) 97.53 ± 11.47 (65–135) 97.83 ± 7.82 (74–116)
Normal [n (%)] 95 (86.4) 102 (95.3)
Developmental delay [n (%)]c 15 (13.6) 5 (4.7)
Adaptive area 
Mean ± SD (range) 98.71 ± 14.90 (50–124) 101.18 ± 10.96 (76–129)
Normal [n (%)] 96 (87.3) 96 (89.7)
Developmental delay [n (%)] 14 (12.7) 11 (10.3)
Language area
Mean ± SD (range) 102.10 ± 12.83 (56–122) 100.47 ± 9.78 (74–127)
Normal [n (%)] 99 (90.0) 96 (89.7)
Developmental delay [n (%)] 11 (10.0) 11 (10.3)
Social area 
Mean ± SD (range)d 99.40 ± 11.79 (57–121) 101.83 ± 6.81 (76–117)
Normal [n (%)] 100 (90.9) 104 (97.2)
Developmental delay [n (%)]e 10 (9.1) 3 (2.8)
Average 
Mean ± SD (range) 99.42 ± 10.74 (57–120) 100.30 ± 7.16 (76–117)
Normal [n (%)] 103 (93.6) 105 (98.1)
Developmental delay [n (%)]e 7 (6.4) 2 (1.9)
aUnadjusted comparisons of DQs between cohorts by t-test, percent delay by Fisher’s exact test; adjusted analyses by
regression as described. bThis material appears as originally published in Tang et al. (2008). cUnadjusted, p = 0.033;
adjusted, p = 0.017. dUnadjusted, p = 0.064; adjusted, p = 0.033. eUnadjusted NS (not signiﬁcant); it is not appropriate to use
logistic regression due to small cell count.Perera et al.
1400 VOLUME 116 | NUMBER 10 | October 2008 • Environmental Health Perspectives
REFERENCES
Alexandrov K, Rojas M, Geneste O, Castegnaro M, Camus AM,
Pesruzzelli S, et al. 1992. An improved fluorometric assay
for dosimetry of benzo(a)pyrene diol-epoxide-DNA
adducts in smokers’ lung: comparisons with total bulky
adducts and aryl hydrocarbon hydroxylase activity.
Cancer Res 52:6248–6253.
Archibong AE, Inyang F, Ramesh A, Greenwood M, Nayyar T,
Kopsombut P, et al. 2002. Alteration of pregnancy related
hormones and fetal survival in F-344 rats exposed by
inhalation to benzo(a)pyrene. Reprod Toxicol 16:801–808.
ATSDR. 1999. Toxicological Profile for Mercury. Atlanta,
GA:Agency for Toxic Substances and Disease Registry. 
ATSDR. 2005. Toxicological Profile for Lead. Atlanta,
GA:Agency for Toxic Substances and Disease Registry. 
Bartsch H, Terracini B, Malaveille C. 1983. Quantitative com-
parisons of carcinogenicity, mutagenicity and elec-
trophilicity of 10 direct-acting alkylating agents and the
initial 06-alkylguanine ratio in DNA with carcinogenic
potency in rodents. Mutat Res 110:181–219.
Beijing Mental Development Cooperative Group. 1985. Gesell
Developmental Diagnosis Scale. Beijing, China:Beijing
Mental Development Cooperative Group.
Bostrom CE, Gerde P, Hanberg A, Jernstrom B, Johansson C,
Kyrklund T, et al. 2002. Cancer risk assessment, indicators,
and guidelines for polycyclic aromatic hydrocarbons in
the ambient air. Environ Health Perspect 110:451–488.
Bulay OM, Wattenberg LW. 1971. Carcinogenic effects of poly-
cyclic hydrocarbon carcinogens administrated to mice dur-
ing pregnancy on the progeny. J Natl Cancer Inst 46:397–402.
Canﬁeld RL, Henderson CR, Cory-Slechta DA, Cox C, Jusko TA,
Lanphear BP. 2003. Intellectual impairment in children
with blood lead concentrations below 10 μg per deciliter.
N Engl J Med 348:1517–1521.
Choi H, Jedrychowski W, Spengler J, Camann DE, Whyatt RM,
Rauh V, et al. 2006. International studies of prenatal expo-
sure to polycyclic aromatic hydrocarbons and fetal
growth. Environ Health Perspect 114:1744–1750.
Chow JC, Watson JG, Chen LW, Koracin D, Zielenska B, Tang
D, et al. 2006. Exposure to PM2.5 and PAHs from the
Tongliang, China, epidemiological study. J Environ Sci
Health A Tox Hazard Subst Environ Eng 41:517–542.
Cui H, Hou J, Ma G. 2001. Influences of rearing style on the
intellectual development of infants [in Chinese]. Wei
sheng yan jiu 30:362–364.
Drillien CM, Pickering RM, Drummond MB. 1988. Predictive
value of screening for different areas of development. Dev
Med Child Neurol 30:294–305.
Economy EC. 2003. China’s Environmental Challenge: Political,
Social, and Economic Implications. New York:Council on
Foreign Relations.
Guo R, Yang J, Liu D, Liu Z. 2002. Transformation behavior of
trace elements during coal pyrolysis. Fuel Process
Technol 77–78:137–143.
Hudon L, Moise KJ Jr, Hegemier SE, Hill RM, Moise AA, Smith
EO, et al. 1998. Long-term neurodevelopmental outcome
after intrauterine transfusion for the treatment of fetal
hemolytic disease. Am J Obstet Gynecol 179:858–863.
Jin X, Sun Y, Jiang F, Ma J, Morgan C, Shen X. 2007. “Care for
Development” intervention in rural China: a prospective
follow up study. J Dev Behav Pediatr 28:213–218.
Ke DH, Su Q, Zhuang XY, Gao XX. 2004. Effect of active medical
intervention on the physique and neuropsychological
development of full-term infants: follow-up effect evalua-
tion [in Chinese]. Chinese J Clin Rehab 8:6706 
Needleman HL, Riess JA, Tobin MJ, Biesecker GE, Greenhouse
JB. 1996. Bone lead levels and delinquent behavior. JAMA
275:363–369.
Nickerson K. 2006. Environmental contaminants in breast milk.
J Midwifery Womens Health 51:26–34.
Perera F, Tang D, Whyatt R, Lederman SA, Jedrychowski W.
2005. DNA damage from polycyclic aromatic hydrocarbons
measured by benzo[a]pyrene-DNA adducts in mothers and
newborns from Northern Manhattan, the World Trade
Center Area, Poland, and China. Cancer Epidemiol
Biomarkers Prev 14:709–714.
Perera FP, Rauh V, Tsai WY, Kinney P, Camann D, Barr D, et al.
2003. Effects of transplacental exposure to environmental
pollutants on birth outcomes in a multi-ethnic population.
Environ Health Perspect 111:201–205.
Perera FP, Rauh V, Whyatt RM, Tsai WY, Tang D, Diaz D, et al.
2006. Effect of prenatal exposure to airborne polycyclic
aromatic hydrocarbons on neurodevelopment in the ﬁrst 3
years of life among inner-city children. Environ Health
Perspect 114:1287–1292.
Perera FP, Tang D, Rauh V, Tu YH, Tsai WY, Becker M, et al.
2007. Relationship between polycyclic aromatic hydrocar-
bon–DNA adducts, environmental tobacco smoke, and
child development in the World Trade Center cohort.
Environ Health Perspect 115:1497–1502.
Perera FP, Whyatt RM, Jedrychowski W, Rauh V, Manchester
D, Santella RM, et al. 1998. Recent developments in molec-
ular epidemiology: a study of the effects of environmental
polycyclic aromatic hydrocarbons on birth outcomes in
Poland. Am J Epidemiol 147:309–314.
Rojas M, Alexandrov K, van Schooten FJ, Hillebrand M, Kriek E,
Bartsch H. 1994. Validation of a new ﬂuorometric assay for
benzo[a]pyrene diolepoxide-DNA adducts in human white
blood cells: comparisons with 32P-postlabeling and ELISA.
Carcinogenesis 15:557–560.
Saunders CR, Ramesh A, Shockley DC. 2002. Modulation of
neurotoxic behavior in F-344 rats by temporal disposition
of benzo(a)pyrene. Toxicol Lett 129:33–45.
Saunders CR, Shockley DC, Knuckles ME. 2003. Fluoranthene-
induced neurobehavioral toxicity in F-344 rats. Int J
Toxicol 22:263–276.
S ˇrám RJ, Binková B, Dejmek J, Bobak M. 2005. Ambient air pol-
lution and pregnancy outcomes: a review of the literature.
Environ Health Perspect 113:375–382.
Tang D, Li TY, Liu JJ, Chen YH, Qu L, Perera FP. 2006.
PAH–DNA adducts in cord blood and fetal and child devel-
opment in a Chinese cohort. Environ Health Perspect
114:1297–1300.
Tang D, Li TY, Liu JJ, Zhou ZJ, Yuan T, Chen YH, et al. 2008.
Effects of prenatal exposure to coal-burning pollutants on
children’s development in China. Environ Health Perspect
116:674–679.
Tang D, Phillips DH, Stampfer M, Mooney LA, Hsu Y, Cho S,
et al. 2001. Association between carcinogen-DNA adducts
in white blood cells and lung cancer risk in the physicians
health study. Cancer Res 61:6708–6712.
Wang D, He L, Wei S, Feng X. 2006. Estimation of mercury
emission from different sources to atmosphere in
Chongqing, China. Sci Total Environ 366:722–728.
Whyatt RM, Santella RM, Jedrychowski W, Garte SJ, Bell DA,
Ottman R, et al. 1998. Relationship between ambient air
pollution and procarcinogenic DNA damage in Polish
mothers and newborns. Environ Health Perspect
106:821–826.
World Health Organization. 1999. A Critical Link, Interventions
for Physical Growth and Psychological Development.
Geneva:World Health Organization, Department of Child
and Adolescent Health and Development. 
World Health Organization. 2004. The Importance of Caregiver-
Child Interactions for the Survival and Healthy
Development of Young Children. Geneva:World Health
Organization, Department of Child and Adolescent Health
and Development. 
Wormley DD, Chirwa S, Nayyar T, Wu J, Johnson S, Brown LA,
et al. 2004a. Inhaled benzo(a)pyrene impairs long-term
potentiation in the F1 generation rat dentate gyrus. Cell
Mol Biol (Noisy-le-grand) 50:715–721.
Wormley DD, Ramesh A, Hood DB. 2004b. Environmental cont-
aminant-mixture effects on CNS development, plasticity,
and behavior. Toxicol Appl Pharmacol 197:49–65.
Zhang J, Han C-L, Xu Y-Q. 2003. The release of the hazardous
elements from coal in the initial stage of combustion
process. Fuel Process Technol 84:121–133.
Zhang MQ, Zhu YC, Deng RW. 2002. Evaluation of mercury
emissions to the atmosphere from coal combustion, China.
Ambio 31:482–484.
Zhang X, Li J. 1994. The revise of Gesell Developmental Scale
on 3 1/2 ~6 years of age in Beijing [in Chinese]. CJCP
2:148–150.
Zhou X, Luo Y, Liang J, Chen T, Zhuang N, Zheng S, et al. 2004.
Follow-up study of mental developments in high-risk chil-
dren [in Chinese]. Zhejiang Da Xue Xue Bao Yi Xue Ban
33:449–451.
Zhu H, Zhao ZY, Jiang YJ, Liang L, Wang JY, Mao HQ, et al.
2005. Multifactorial analysis of effects of mothers’ autoim-
mune thyroid disease on their infants’ intellectual develop-
ment [in Chinese]. Zhonghua Er Ke Za Zhi 43:340–344.